Abstract: This work assesses the wear resistance behavior of different high Cr and Nb alloyed hardfacing deposits carried out by Self-shielded Flux Cored Arc Welding, considering the resulting microstructures as base for the analysis. To obtain non-commercial alloys, an "in-situ" technique was employed with addition of cold wire into the weld pool. Six combinations of two commercial FeCrC and FeCrNbC tubular wires and three different solid wires (AWS ER 70S-6, ER308LSi and ER 430) were used to obtain white cast iron hardfacing deposits on plain carbon steel subtracts. The welding parameters were identical for all combinations. Each deposit was characterized taking into account the resulting microstructure, hardness and abrasion wear resistance. The addition of a ferritic stainless solid wire in the weld pool resulted in the best wear resistance, which was boosted if Nb is present in the S-FCAW wire. The reason for these results was microstructure refinement and the presence of NbC and M 7 C 3 , the latter being present in all combinations.
Introduction
Chrome rich white cast irons are the most frequent material used in conditions of abrasive wear, due to its excellent low cost-benefit ratio. These alloys are classified according to their chemical composition as hypoeutectic, hypereutectic and eutectic [1] . Several authors agree that the hypereutectic alloys present the best wear resistance performance, due to the presence of primary M 7 C 3 carbides, in an eutectic matrix composed of austenite and fine carbides [2, 3] .
Carbides found in high chromium white cast irons are a function of the alloy Cr and C content. The stoichiometry of carbides in these alloys commonly are M 3 C [4, 5] , M 7 C 3 and M 23 C 6 [6] . While M 3 C and M 7 C 3 are observed in alloys with Cr content about 15% or lower [5] .
Carbide-forming elements, such as Nb, Mo, V, Ti or W, may be added to the alloy to enhance the abrasive wear resistance by high hardness primary carbides precipitation and microstructure refinement [7, 8] . As these elements additions also affect the alloy hardenability, ferrite or martensite can form in the matrix along with austenite. Notably, the positive effects of Nb additions on the microstructure of both hypo and hypereutectic white cast irons for potential abrasive applications have been widely demonstrated [7] [8] [9] [10] [11] [12] .
One of the most efficient methods for depositing alloyed white cast iron is self-shielded flux cored arc welding (S-FCAW) [13] . When combined with solid cold wire addition in the weld pool, better bead finishing and lower dilution levels are achieved [14] . Besides, other great advantages of the technique are the possibility to earn significant economy with the use of less expensive cold wires [15] and to widely vary chemical compositions with different cold wire additions.
In this context, the objective of the present work is to verify the influence of the microstructures from different combinations of S-FCAW wires (FeCrC and FeCrNbC) and solid wires (low carbon ferritic steel, high chrome ferritic steel and austenitic steel) on the wear performance of white cast iron hardfacing layers. Microstructure and Abrasion Resistance of Fe-Cr-C and Fe-Cr-C-Nb Hardfacing Alloys Deposited by S-FCAW and Cold Solid Wires
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Methodology
The methodology was based on correlation between the microstructures of arc welding hardfacing deposits and their wear resistances. To obtain deposits of high Cr white cast iron (Fe-Cr-C alloys) with different microstructures, a modification of the self-shielded flux cored welding (S-FCAW) process was designed, the weld pool was fed with cold solid wires of different chemical compositions ("in situ" alloy formation).
Two commercial 1.6 mm S-FCAW wires (energized) were employed, referred hereafter as FeCrC and FeCrNbC, as basic material to obtain the FeCrC alloys. As indicated, one of the wires was Nb bearing. To modify the alloy compositions further, three 1.2 mm solid wires used in GMAW were fed into the pool (cold wire). The first wire was a low carbon ferritic steel (AWS ER70S6 [16] ). The second solid wire was a high-Cr ferritic stainless steel (AWS ER430 [17] ) to obtain an alloy with higher Cr and lower C than the original S-FCAW deposit. The third wire was an austenitic stainless steel (AWS ER308LSi [17] ), in order to increase Ni content (austenitizing) in the alloy without changing significantly the C and Cr contents in comparison with the AWS ER430. Table 1 shows the characteristics of each wire used in this work.
Test plates of SAE 1020 steel, with dimensions of 350 x 50 x 10 mm, were used as substrate. On each of the plate surfaces, 4 parallel 250 mm-long beads were deposited, with a bead center line offset of 7 mm (the second, third and fourth beads overlapped the previous bead by approximately 3 mm). Automatic welding was employed. The S-FCAW wires were positioned perpendicularly to the test plate and the cold wires were continuously fed into the pool from the front, at a pulling angle of 30 o in relation to the test plate plane. The same welding parameters setting were used for all the welds, as shown in Table 2 . For these settings values, the mean current ranged from 261 to 262 A when the FeCrC wire was used in contrast to a higher value (285-293 A) for the FeCrNbC wire. In both cases, the mean current was not influenced by the cold wire, regardless of the composition (this suggests that the "in situ" formation of the pool did not interfere in the arc properties). This difference between the S-FCAW wires without and with Nb shows that the introduction of Nb made the wire fusion more difficult, demanding approximately more 20 A to melt the same amount of wire per unit of time.
As the tubular and solid wires have different densities and different feed speed, the resulting weight percentage of each wire in the final deposit is estimated. To estimate this difference, the mass of approximately 300 mm of each wire was weighed in an analytical balance (3 samples of each wire). Taking into account the average values [18] ; (ii) EN 14700 T Fe15 [19] ; (iii) from Weld-inox [20] ; (iv) AWS A5.18 [16] ; (v) AWS A5.9 [17] .
of the masses and the wire feed speeds, the weight percentage of each wire in the combinations was determined (Table 3 ). In general, the weight percentage of each S-FCAW wire was very similar (about 60%). These calculations made clear the predominance of the S-FCAW wire in the alloy composition. To obtain the microstructure characterizations, a cross section of each test plate was taken and metallographically prepared, polishing with 0.3 µm diamond paste. Then etched with aqua regia (75% HCl + 25% HNO 3 ). The metallographic characterization was carried out by Scan Electronic Microscope (SEM), with a magnification of 2000x, in a centralized region of the upper segment of the second bead. Microanalyses by Energy Dispersive Spectrometer (EDS) were also made at these regions to verify the constituent compositions. On the cross sections of the deposits of the FeCrC wire (without Nb), microhardness Vickers (load of 50 g per 15 s) of the primary carbides and the eutectic matrix were determined. The measurement of separate phases (carbides and matrix) of the deposits with FeCrNbC was not possible, due to the high degree of microstructural refinement.
In addition, longitudinal planes of the test plates were obtained by grinding the weld surfaces. These planes were characterized by the presence of pores, typical in this type of deposits. Over these planes, the phases present in the deposits were identified by diffractograms obtained by an X-Ray Diffractometer (40 kV and 30 mA), with CuKα radiation in the range at 20 to 100 o , at a speed of 2 o /min. Rockwell C hardness, according to ASTM E18 [21] , was obtained by applying a load of 150 kgf (7 indentations per sample). Using a portable XRF alloy analyzer, the main alloy elements were identified on these surfaces (carbon was determined separately by volumetric analysis).
To measure the abrasion wear resistance in the longitudinal direction of the deposits, a Dry Sand-Rubber Wheel Apparatus was used, according to ASTM G65 [22] , applying procedure B. The sand size range was specified as no. 100, according to NBR 7214 [23] , i.e., grains over 150 µm but mostly smaller than 212 µm. From each test plate (corresponding to each wire combination), 3 specimens (65 x 25 x 13 mm) were taken. The surfaces were ground before the test and a pre-wear was applied for 5 minutes. After the pre-wear procedure, the specimens were cleaned by ultrasound in alcohol, dried and weighed in an analytical balance with 0.1 mg resolution. The total abrasion testing time was 30 minutes (wear distance of 4308 m), with weighing intervals every 10 minutes followed where: TS = travel speed; CTWD = contact tip to work distance; WFS tub = wire feed speed of the FCAW wire; WFS sol = wire feed speed of the solid cold wire; Um = mean voltage; Urms = RMS voltage; Im = mean current; Irms = RMS current.
Microstructure and Abrasion Resistance of Fe-Cr-C and Fe-Cr-C-Nb Hardfacing Alloys Deposited by S-FCAW and Cold Solid Wires by cleaning, resulting in a total of 9 measurements for each combination of S-FCAW-solid wire. After each 10 minute run, the specimens were cleaned by ultrasound in alcohol, dried and weighed again. A new disc was used in the tests for each of the three specimens. To obtain de density of each deposit, the pycnometer method was employed [24] . Table 4 shows the chemical composition of the alloys, where iron is the remaining component. As expected, all alloys present high Cr and C content. The main differences amongst the alloys are the presences of Nb and Ni, due to the FCAW wire (FeCrNbC), and the austenitic wire (ER308LSi) respectively. In general, the alloys can be classified as Fe-Cr-C ternary system; according to this system, the alloys in Table 4 without Nb would approximate to an eutectic alloy. However, due to the meta-stability condition in which crystallization occurs in welded deposits, a shift of Cr 7 C 3 to the primary crystallization zone is likely to occur [1] . In the case of the presence of Nb, the NbC carbide crystallizes in advance at temperatures as high as 3500 o C, according to Chung et al. [7] . There will be a C depletion in the residual liquid of the ternary system, leading the system to the austenitic zone and resulting in the eutectic formed by austenite and M 7 C 3 carbides. Figure 1d , e, f for the latter). They are unrelated to the type of the cold wire. The alloys from the FeCrNbC wire present finer microstructure, phenomenon attributed to the presence of Nb. In view of this hypothesis, Nb assists heterogeneous nucleation, forming small NbC during the primary crystallization. These Nb carbides act as heterogeneous nuclei of the M 7 C 3 carbides. Filipovic et al. [9, 10] , also observed the refinement effect of Nb in hypoeutectic white cast iron. The authors explained that besides heterogeneous nucleation, NbC limits austenitic primary dendrites growth due to a pin effect of the NbC in the matrix. He-Xing et al. [12] demonstrated the Nb effect on the refinement of the eutectic cells for hypoeutectic alloys. Zhi et al. [11] showed the effect of the NbC on the primary crystallization in hypereutectic high chromium cast iron, demonstrating a reduction of the average diameter of the carbides in the microstructure as Nb content is increased in the alloy. Table 5 shows the chemical compositions of the micro constituents of the alloys. These constituents are identified by numbers in Figure 1 at each microstructure. Figure 2 shows the XRD diffractograms of the different hardfacing alloys, evidencing the present phases. The alloys obtained with the FeCrC wire (Figure 1a, b, c, Figure 2a , b, c and Table 5 ) show the presence of primary M 7 C 3 carbides surrounded by an eutectic matrix, composed of small carbides and austenite (M 7 C 3 + Feγ). In the polishing plane, the carbides present either hexagonal platelet morphology or a long spine-like form, which indicate that the carbides are rod-shaped. During the crystallization of hypereutectic cast iron, several authors, among them Chung et al. [7] declare that the M 7 C 3 carbides nucleates at about 1300 o C and grows in the liquid to form coarse primary carbides. The matrix formed by the eutectic reaction, is composed of austenite and carbides. In Table 5 , Cr and C are concentrated in the carbides, confirming that these carbides crystallized first impoverishing the residual liquid of these elements. Buchely et al. [25] , in their comparative studies on SMAW hardfacing, created a map of Cr distribution obtained by EDS and demonstrated that in a hypereutectic alloy this element is present preponderantly in carbides. Chia-Ming et al. [26] studying the effect of an increase of C in hypereutectic deposits, showed through microanalysis that Cr and C concentrate preponderantly in M 7 C 3 carbides. Tang et al. [6] and Chung et al. [27] , also researching the effects of Cr and C content in hypereutectic alloys, found the same results. The presence of C and Cr in the matrix is also a clear evidence of the existence of small Cr carbides together with austenite, as reported by Chia-Ming et al. [26] in a study on rich Cr cast iron hypereutectic cladding alloys with various carbon contents.
Results and Discussions
Microstructural characterization of the hardfacing alloys
The alloys obtained using the FeCrNbC wire with the ferritic cold wires (ER70S-6 [16] and ER430 [17] ), are characterized by the presence of smaller primary NbC carbides, surrounded by a eutectic matrix composed of austenite Table 5 ). The FeCrNbC-ER308LSi alloy (Figure 1f and Figure 2f ) is characterized by the presence of larger primary niobium (NbC) and chromium M 7 C 3 carbides, in comparison with the other alloys. The primary carbides are surrounded by a eutectic matrix of austenite and fine M 7 C 3 carbides ( Figure 1f and Table 5 ). In this alloy, very small niobium carbides (NbC) appears as nucleation centers of the M 7 C 3 carbides (numbers 3 and 4 in Figure 1f and Table 5 ). The presence of Ni in this deposit (Table 3) is evident only in the matrix (Table 4) , dissolved in the austenite phase. It is due to the ER308LSi wire [17] .
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The concentration of niobiun and chromiun in NbC and M 7 C 3 carbides in the hardfacing alloys is observed in Table 5 , in contrast to the regions identified as the matrix. In general, these microstructures of the Nb bearing alloys are similar to that presented by several authors working with similar white cast irons. Zhi et al. [11] , studying the effect of Nb in hypereutectic alloys with 4% C, observed primary NbC carbides in co-existence with M 7 C 3 when Nb was increased up to 1.5%. These authors also showed, through microanalysis by EDS and an element distribution map, that Nb concentrates preferably in the NbC carbide. Wang and Li [8] , also studying the effect of Nb on the microstructure of hypereutectic alloys for high Cr arc welding hardfacings, confirmed these results. They showed by EDS compositional mapping that niobium is concentrated in the primary NbC. The primary nucleation of NbC in Cr-rich alloys, with consequent decrease of C in the remaining liquid, was also demonstrated by Gregolin and Alcantara [28] for the kind of alloys used in this work.
Microhardness was also used to characterize the carbides and the matrix. Table 6 shows the average values for the hardfacing alloys obtained with the FeCrC wire. There is a wide dispersion of hardness values, as reported by some authors, among whom Stevenson and Hutchings [29] . These authors studied several samples of arc welding hardfacing of high Cr hypereutectic alloys. They found values of 1630 to 2050 Hv for the primary M 7 C 3 carbides and of 750 to 1110 Hv for the eutectic matrix. As the microconstituents in the Nb bearing alloys are very small (Figure 1 ), determination of their micro hardness was not possible.
Concerning the hardness of the carbides, there is no difference between the values of the FeCrC-ER70S6 and FeCrC-ER308LSi alloys. Although the M 7 C 3 carbide from the alloy FeCrC-ER430 appears to be harder, this observation is not supported statistically when the standard deviation is considered.
The matrix of the FeCrC-ER308LSi hardfacing alloy has a smaller value of microhardness. This result can be related to the austenite in the matrix, as a result of the presence of Ni (Table 5 ). The FeCrC-ER430 alloy presents a slightly smaller microhardness value than that of the FeCrC-ER70S6 alloy. One reason could be that the high Cr content leads to a primary crystallization of a greater amount of carbides, depressing the C content in the remaining liquid that eventually crystallizes as the matrix.
Abrasive wear performance of the hardfacing alloys
The comparison of the wear resistances was based on the volume loss values as shown in Figure 3 . Volume loss gives a better picture than weight loss, particularly when comparing the wear resistance properties of materials with different densities. Each test corresponds to three10 minute runs or to a total sliding distance of 4308 m. The volume loss was calculated from the mass losses of each run and the material density. A linear trend between the sliding distance and material loss can be concluded from Figure 3 . Such behavior is frequently reported in the literature of abrasive wear [2, 4, 30, 31] . Figure 3 also shows that FeCrNbC-ER430 alloy has the highest wear resistance (the lowest volume loss). In general, the alloys produced with the Nb bearing wire (FeCrNbC) in combination with different cold solid wires have higher resistance to abrasion wear. Wang and Li [8] studied the effect of Nb, V and W on wear of hypereutectic Table 6 . Microhardness (Hv 0.05 ) of the carbides and matrices of the "in situ" alloys with the FeCrC wire (with 7 indentations each).
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FeCrC white cast iron and found that these alloying elements increase significantly the wear resistance in relation to the reference alloy. He-Xing et al. [12] also determined the role of Nb on the abrasive wear resistance, using the rubber wheel test and normalized 3% carbon steel as reference.
The better performance of the hardfacing containing Nb is due to the microstructure refinement effect of Nb. In Figure 1 , the finest microstructure corresponds to the FeCrNbC-ER430 alloy and the coarsest to the FeCrNbC-ER308LSi alloy. In addition to microstructure refinement, the presence of hard primary niobium carbides (NbC) is likely to boost the performance of the Nb bearing alloys. This hypothesis is supported by results presented by several authors. He-Xing et al. [12] , in a study of the effect of Nb on the abrasion wear of a 15%-Cr white cast iron, found NbC with hardness of around 2400 Hv. The authors state that the matrix of the alloys underwent an increase in hardness, of 693 Hv for a Nb-free alloy to 899 Hv when Nb was added. They also claim that the M 7 C 3 carbides had their hardness increased from 1686 Hv (Nb-free) to 1818 Hv (Nb bearing). The same phenomena probably occurred to the alloys studied in the present work.
However, another aspect is the wear resistance differences between the Nb bearing alloys. In Table 4 , the FeCrNbC-ER430 alloy has the highest C content and the highest wear resistance, while the FeCrNbC-ER308LSi alloy has the lowest C content and the lowest wear resistance. The wear resistance is always higher when the high Cr ferritic solid wire (ER430) is used. On the other hand, the presence of Ni in the matrix of the FeCrNbC-ER308LSi alloy (Tables 3 and 4) contribute to the lower wear resistance by softening the matrix as a result of the contribution of this element in the presence of austenite.
Comparing the wear resistances of the hardfacing alloys without Nb (Figure 3) , the FeCrC-ER430 alloy presents highest wear resistance and the finest microstructure (Figure 1) . The M 7 C 3 carbide in this alloy showed the highest hardness (Table 6 ), contributing to the best performance. The Nb free alloy (FeCrC-ER70S6) presented the lowest resistance to abrasive wear, probably due to the smaller Cr content (Table 4 ) and a smaller Cr-Fe ratio in the primary carbide ( Table 5 ). The FeCrC-ER308LSi alloy presented a wear resistance close to the FeCrC-ER70S6 alloy, as a result of the matrix softening by the austenitizing effect of Ni (Table 4 and Table 6 ). Figure 4 shows the typical bulk hardness values of the deposits of Fe-Cr based hardfacings. Regardless of the FCAW wire used (FeCrC or FeCrNbC), the bulk hardness is about the same for a given solid wire. The introduction of Nb, in spite of influencing the microstructure and wear resistance, does not govern the deposit hardness. The sizes and types (M 7 C 3 or NbC) of the carbides influences in the bulk hardness but in this study it is not manifested, since other factors like the presence of pores in the samples probably are influencing. The principal factor influencing hardness seems to be the microstructure of the eutectic matrix (Figure 1 ). The solid wire composition, on the other hand, presents some influence on the hardness, showing the influence of the matrix on this property. The highest hardness was obtained using the ferritic stainless steel wire (ER430), while the lowest hardness was when the austenitic stainless steel wire (ER308LSi) was used. The ferritic wire leads to finer carbides in the eutectic matrix (Figure 1b , e) compared to that produced by the austenitic wire (Figure 1c, f) . The presence of Ni in the austenitic matrix also tends to soften the material. Figure 5 shows the relationship between the deposit hardness and abrasion wear resistances. There is no correlation between the two parameters, coinciding with those reported by several authors, as Zhou et al. [3] , for this type of alloys, because the abrasion resistance of a hardfacing alloy depends on many other factors such as the type, shape and distribution of hard phases, as well as the toughness and strain hardening behavior of the matrix [8, 9] . The FeCrC-ER430 and FeCrNbC-ER430 alloys have practically the same hardness, but the wear resistance of the latter is almost twice that of the former. These data indicate that the solid wire composition governs the hardness, while the FCAW wire governs the wear resistance. Figure 6 shows the surface of the hardfacing samples after the wear tests. All wear scars presented transversal cracks, typical of hardfacing. This is in agreement with Wang and Li [8] , who show similar worn surfaces and attribute this wear resistance characteristic to the stress relief caused by cracking.
Analysis of the worn surfaces
Concerning the morphology of the worn surfaces, Figure 4 shows a wear pattern characterized by parallel longitudinal grooves, indicating that micro-ploughing and micro-cutting were the main abrasive micro-mechanisms observed (the sand particles travelling long trajectories under sliding, with no rotation). In the alloys carried out with the FeCrNbC wire, principally the FeCrNbC-ER70S6 and FeCrNbC-ER308LSi alloy, a high density of interconnected micro-cracks is observed. Such micro-cracks may make easier brittle detachment of material. This pattern of micro-cracks with material detachment was reported by Correa et al. [32] in similar deposits. The least brittle Microstructure and Abrasion Resistance of Fe-Cr-C and Fe-Cr-C-Nb Hardfacing Alloys Deposited by S-FCAW and Cold Solid Wires detachment of material amongst the three Nb deposits was observed in the FeCrNbC-ER430 deposit probably because no interconnected micro-cracks were present. However, in the Nb free alloys, no micro-cracking was present, yet they presented higher wear. One reason for this contrasting behavior could be related to microstructural characteristics (such as coarser microstructures and absence of harder carbides of the MC types). Figure 7 shows magnifications of the scars of the FeCrC-ER430 and FeCrNbC-ER430 alloy specimens; showing that for the alloy without Nb the presence of deeper grooves is visible, although for the Nb bearing alloy material detachment is visible. 
Conclusions
Different chemical compositions were achieved "in situ" by feeding chemically different cold wires (low carbon ferritic steel, high chrome ferritic steel and austenitic steel) into a pool produced with conventional flux-cored wires (FeCrC and FeCrNbC) by self-shielded flux-cored arc welding (S-FCAW). The results showed that Nb added to the deposit refines the microstructure and promotes the formation of very hard NbC carbides, although bulk hardness was not influenced by Nb introduction in the alloy. These microstructural changes made the deposit more wear resistant and it is likely to be the governing parameter for wear resistance enhancement.
For the case of the two tubular wires, a cold solid wire with high Cr and low C (ferritic stainless steel) boosts more significantly the wear resistance than the wires with Ni, high Cr and low C (austenitc stainless steel) or without Cr (low carbon steel). The richer in C, the higher the hardness of the carbides. However, the effect of Nb present in one of the tubular wires was more predominant in the abrasion resistance than the composition variation due to solid wire addition. In all cases, the wear mechanism was micro-ploughing and micro-cutting, with some detachment fragile when Nb is present.
Considering the chemical composition changes obtained by addition of cold wire together with the tubular wire of S-FCAW, this approach demonstrated the possibility of boosting the resistance to abrasion wear (of dry sand particles) of white cast iron hardfacing layers deposited by arc welding.
